A series of monosubstituted chalcones with potential anti-inflammatory activity have been rationally designed leading to a focused library of ligands 4a-j with ring-A substitution. Subsequent to drug-likeness and druggability assessments, the library members were synthesized in optimal yields and their structures were confirmed by IR, 1 H NMR, 13 C NMR and mass spectral analysis. Screening for anti-inflammatory activity revealed that most of the compounds were quite effective in containing inflammation with compound 4b being the most promising derivative.
is considered the key pharmacophoric feature as its partial or full removal leads to a loss of bioactivity. Anti-inflammatory activity of chalcones is manifested by their interaction with a number of targets; 7 some of which include inducible nitric oxide synthase (iNOS), 8 nuclear factor-kB (NF-kB), [9] [10] [11] heme oxygenase (HO) [12] [13] [14] and cyclooxygenase (COX). 15 Most of these reports describe the molecular mechanism of anti-inflammatory action of one or a very limited number of chalcones exhibiting complex substitution patterns on their aromatic rings. Under such a situation, it is very difficult to derive useful structure-activity relationship (SAR) data. In an effort to systematically probe the structural features required
INTRODUCTION
Chalcones are natural or synthetic 1,3-diaryl-2-propen-1-ones (1) that may exist in cis and trans isomeric forms, of which the latter is thermodynamically stable. Illustrated by the general structure in Fig. 1 , they contain an open-chain flavonoid skeleton in which two aromatic rings (ring-A and ring-B) are linked by a three-carbon α,β-unsaturated carbonyl system. Majority of the naturally occurring chalcones contain benzene rings with hydroxy, methoxy and alkenyl groups as their aryl substituents. Besides such substituted phenyl groups, the synthetically derived chalcones may carry heterocyclic and condensed ring systems as their aryl substituents. 1 Chalcones continue to attract a lot of interest in both academia and industry mainly due to their enormous pharmacological potential. They have been reported to possess an array of useful therapeutic properties, including anti-inflammatory, 2, 3 anti-microbial, 4 antioxidant, 5 and anti-cancer 6 activities among others. The α,β-unsaturated ketone moiety for anti-inflammatory activity, we have embarked on the synthesis of small libraries of chalcones. Each library would focus on one particular fragment of the molecule and comprise of members which are structural and/or functional variants of that fragment. The results obtained from each such library can then be meaningfully interpreted to decipher SAR information. The present study, wherein we describe the synthesis and preliminary biological evaluation of a library of ring-A monosubstituted chalcones, is an outcome of this exercise. Given the paucity of systematic SAR information on this scaffold with respect to inflammation coupled with the lack of safe anti-inflammatory agents in the clinic, such a study is very relevant in an attempt to bridge this gap.
MATERIALS AND METHODS
The drug-likeness assessment involving the calculation of topological polar surface area (TPSA) and the Lipinski parameters were carried out using the high-speed molecular properties calculator which is a free module in the MolSoft software package. The ADMET properties were predicted using ADMETox descriptors tool in Discovery Studio 2.0, an Accelrys computational package.
Design of ligands
The main aspect in the design of ligands for this study was the choice of substituents to be appended to the acetophenic phenyl group (ring-A) in the parent chalcone (1,3-diphenyl-2-propen-1-one, 4a). It was decided to generate this library (4a-j) by introducing one substituent at a time in such a way that ring-A would be 2'-(o-), 3'-(m-) or 4'-(p-)-substituted while the alkenyl phenyl group (ring-B) would remain unsubstituted. Amino, hydroxy, methoxy (+M); methyl (+I); nitro (-M) and bromo (-I) groups were chosen for their wide-ranging electronic properties while the phenyl substituent was picked to probe the importance of sterics. 16 All three regioisomeric ring-A monosubstituted bromochalcones were included in the designed set to investigate the role of the substitution pattern in the ring. The ready availability of the starting materials and their cost were other factors that dictated the choice of the library members. The target chalcones 4a-j, assembled from the respective commercially available acetophenone precursors 2a-j, are listed in Table No. 1.
Drug-likeness assessment
Compounds 4a-j were then screened by employing Lipinski's rule of five as a filter. This is a heuristic approach for predicting drug-likeness which states that molecules having molecular weight > 500 Daltons, octanol-water partition coefficient logP > 5, hydrogen bond donors > 5 and hydrogen bond acceptors > 10 will likely have poor absorption or permeation. The original set of empirical rules 17 stated above have spawned many extensions to include parameters like TPSA, 18 which is expected to be not greater than 140 Å². These empirical drug-likeness predictors of all the ten chalcones under study are presented in Table No . 2.
ADMET prediction
In addition to the assessment of drug-likeness, the druggability of the series was evaluated through another screen that predicts the absorption, distribution, metabolism, excretion and/or toxicity (ADMET) properties like solubility, human intestinal absorption (HIA), plasma protein 
Target chalcone
Monosubstituents appended such that ring-A would be 2'-(o-), 3'-(m-) or 4'-(p-) substituted binding (PPB), blood brain barrier (BBB) penetrability, hepatotoxicity and the ability to bind to cytochrome P450 enzymes. The results for the target chalcone library and the reference compound ibuprofen, obtained as scores of each parameter, are summarized in Table No. 3 wherein a detailed key is provided for the ready interpretation of the scores.
Chemistry experimental section
All commercial and analytical reagents were used as provided unless otherwise indicated. Ibuprofen standard used for testing the anti-inflammatory activity was obtained as a gift from Porus Labs Pvt. Ltd., Hyderabad. TLC was performed on silica gel G (40 µm particle size)-coated glass plates and spots visualized by UV or by exposure to iodine vapours. Melting points were determined using a Roy Capillary
Melting Point Apparatus and are uncorrected. Boiling points were determined using Thiele's tube. 1 H and 13 C NMR spectra were recorded on a Bruker Avance 400 or Bruker AV III 500 MHz spectrometer. Proton and carbon chemical shifts are reported in ppm from an internal standard of residual CHCl 3 (7.26 ppm & 77.16 ppm respectively). Proton chemical data are reported as follows: chemical shift, multiplicity (ovlp = overlapping, s = single, d = doublet, t = triplet, m = multiplet), coupling constant and integration. IR spectra were recorded on a Shimadzu Affinity-1 FT-IR spectrophotometer. LC-MS chromatograms and spectra were obtained using a Thermo Finnigan and/or Agilent Technologies instrument using a combination of either APCI-PDA or ESI-DAD as the mode of ionization and type of detector respectively. 
BBB: 0-very high penetration; 1-high penetration; 2-medium penetration; 3-low penetration; 4-undefined. Absorption level: 0-good absorption; 1-moderate absorption; 2-poor absorption; 3-very low absorption. Solubility level: 0-very high solubility; 1-high solubility; 2-medium solubility; 3-low solubility; 4-undefined. Hepatotoxicity: 0-non-toxic, unlikely to cause dose-dependent liver injuries; 1-toxic, likely to cause dose-dependent liver injuries. CYP2D6 Inhibition: 0-not a likely inhibitor; 1-potential inhibitor. PPB Level: 0-binding is < 90% (No markers flagged and AlogP98 < 4.0); 1-binding is ≥ 90% (flagged at 90% or AlogP98 ≥ 4.0); 2-binding is ≥ 95% (flagged at 95% or AlogP98 ≥ 5.0).
General procedures for chalcone synthesis

Method A
To a solution of substituted acetophenone (10 mmol) in rectified spirit (30 ml) was added benzaldehyde (1.01 ml, 10 mmol) followed by an aqueous solution of 10% KOH (10 ml). The mixture was stirred and kept overnight at room temperature. The contents of the reaction mixture were poured into crushed ice and neutralized with 0.1 N dilute HCl. The precipitated chalcone derivative was filtered off and recrystallized from rectified spirit.
Method B
To a vigorously stirring mixture of benzaldehyde (1.01 ml, 10 mmol) and substituted acetophenone (10 mmol) in rectified spirit (10 ml) was added dropwise over 30 m an aqueous solution of 10% NaOH (10 ml). The reaction mixture was maintained between 20-25°C using a cold water bath and stirring was continued for a further 5 h. It was then neutralized using 0.1 N dilute HCl whereby precipitation occurred. The crude chalcone derivative was filtered off, dried in air and recrystallized from rectified spirit.
Method C
Equal quantities of benzaldehyde (0.10 ml, 1 mmol) and substituted acetophenone (1 mmol) were mixed and dissolved in rectified spirit (3 ml) followed by the gradual addition of aqueous KOH (3 mmol). The contents of the flask were swirled until complete dissolution and the entire reaction mixture was then irradiated for 7-8 m at 160 W under microwave irradiation. The contents were poured into crushed ice and acidified with 0.1 N dilute HCl. The chalcone derivative that precipitated out was filtered off and recrystallized from rectified spirit. The three methods of syntheses described above are illustrated in Fig. 2 while the yields, appearance, R f values and melting points of compounds 4a-4j are listed in Table No 
Testing of anti-inflammatory activity
In a typical experiment, 19 the standard drug (ibuprofen) and test compounds were dissolved in minimum amount of DMF and diluted with phosphate buffer saline (0.2 M, pH 7.4) in such a way that concentration of DMF in all solutions was less than 2.5%. Test solution was mixed with bovine serum albumin (BSA) solution (2 ml, 2 mmol) in phosphate buffer saline and placed in an incubator at 27 ± 1°C for 15 m following which denaturation was induced by warming and subsequently maintaining the reaction mixture at 60 ± 1°C in a water bath for 10 m. After cooling, the turbidity was measured at 660 nm with UV visible spectrophotometer and the percentage inhibition effected in the process of denaturation was calculated from control where no drug 
RESULTS AND DISCUSSION
The data in Table No . 2 strongly suggests that all our ligands are drug-like and would be amenable to oral administration in humans. Moreover, TPSA of the target compounds was below 70 Å² implying easy permeability through cell membrane and ready penetrability across the BBB. 4i is the only outlier in this dataset whose ADME LogP value of 5.93 is greater than the acceptable maximum of 5 and also falls outside the optimal range of -0.4 to +5.6 as suggested in later extensions. However, it is important to realize that this is only a rule of thumb which allows one violation per compound and is characterized by a number of exceptions to the rule especially in the therapeutic classes of vitamins, antibiotics and anti-fungals. The ADMETox data presented in Table No . 3 suggest that all the compounds can cross BBB to the same or to a greater extent than ibuprofen which has somewhat reasonable permeability. Additionally, all the target ligands have a very good level of HIA after oral administration. Most of the chalcones except 4b and 4e have medium aqueous solubility. Interestingly, the aqueous solubility of these two compounds is comparable to that of ibuprofen suggesting that, if found active, they can be made druggable. All members of our designed library are likely to cause dose-dependent liver toxicity. This parameter, however, cannot be meaningfully interpreted before any animal studies are conducted to ascertain the dose required to elicit hepatotoxicity. With the exception of 4a and 4b, the rest of the compounds inhibit CYP2D6, a crucial CYP450 isoform which metabolizes nearly 20% of all drugs. A recent study which has primarily implicated CYP1A subfamily in the oxidative metabolism of chalcones, 20 therefore, points to the fact that the plasma levels of none of our target compounds will fluctuate because of their inherent CYP2D6-inhibitory potential. The high PPB (≥ 90%) exhibited by all the chalcones will likely impart a longer duration of action. Besides, this attribute clearly underlines their lipophilicity that was also evident from their excellent HIA. After the preliminary in silico filters indicated that the compounds, in fact, could be viable lead candidates, the target chalcones 4a-j were synthesized according to one of the three well-established methods under conditions depicted in Fig. 2 . All methods involve a single step and are procedural variations on a classic base-catalyzed aldol condensation reaction of appropriately substituted acetophenones 2a-j with benzaldehyde 3. While methods A and B are conventional solution phase syntheses, method C involves a microwave-assisted preparation. Each of the three methods were attempted for preparing the title compounds and only the method giving maximal, reproducible yields reported herein. The physical properties of all the compounds are summarized in Table No . 4 while their structures were confirmed by relevant spectral data that is presented in Table No . 5. Denaturation of proteins is a well documented cause of inflammation. Hence, an in vitro assay based on the capability of the test compounds to inhibit the process of protein denaturation was employed to assess the anti-inflammatory activity of the chalcone derivatives synthesized. The findings illustrated in Fig. 3 indicated a concentration-dependent inhibition of protein denaturation by the chalcone library throughout the concentration range of 10 to 30 µg/ml. Moreover, the target chalcones exhibited a stronger inhibitory potential compared to that of ibuprofen which also exhibited an analogous increase in inhibition of protein denaturation over the same concentration range. Upon closer inspection of the data, it is clear that substitution pattern on the phenyl ring of the acetophenic group of chalcone moiety plays an important role in containing inflammation. Among the synthesized chalcones, compound 4b was the most potent; compounds 4e, 4g, 4h and 4j showed better activity in comparison with the standard drug ibuprofen, while compounds 4c, 4d, 4f and 4i exhibited activity similar to that of the reference drug. In this series, small hydrophilic +M groups (like hydroxy in 4b, amino in 4e and methoxy in 4h) seem to be favorable for activity irrespective of their point of attachment in the ring. The inductively electronwithdrawing bromo group that was appended to ring-A forming all three regioisomeric monosubstituted bromochalcones showed a preference for the 4'-(p-) position over 3'-(m-) position. This is clear from the superior anti-inflammatory potential of 4j over 4g. Placing a -I group at the 2'-(o-) position does not seem to alter the activity as is evident from the equivalent inhibitory potential of compound 4d and the unsubstituted chalcone 4a. Presence of a +I group (like methyl in 4c) or a -M group (like nitro in 4f) seems to have no effect in the activity of the parent chalcone 4a. The suboptimal anti-inflammatory potential of compound 4i suggested that bulky, hydrophobic groups may be unsuitable as substituents. It is interesting to note in this context that the 4'-phenylchalcone 4i also presented a violation with regard to its ADME LogP in the drug-likeness assessment.
CONCLUSION
The synthesis and preliminary biological evaluation of a focused library of ring-A monosubstituted chalcones was carried out in an effort to shed some light on the structural requirements of the acetophenic phenyl group in the moiety for eliciting anti-inflammatory activity. In silico drug-likeness and druggability assessments indicated that most of the ligands were suitable for development as oral candidates. Biological evaluation of the synthesized compounds showed that a single substituent in ring-A is not detrimental to the activity of the chalcone scaffold. Preliminary data pointed to a preference for small, hydrophilic +M groups in ring-A with compound 4b emerging as a promising lead. The synthesis and evaluation of focused libraries of similar nature is ongoing to elucidate precise correlations between structure and anti-inflammatory activity. We hope that such a rational medicinal chemistry approach applied to mini series of small molecules will pave the way for clear elucidation of structure function correlations.
